motility ͉ two-photon microscopy N atural killer (NK) cells are a specialized subset of lymphocytes capable of mediating effector functions without the need for prior sensitization. To avoid aberrant autoimmune attack, NK cells express a diverse repertoire of inhibitory receptors that suppress lytic activity. Polymorphic Ly49 molecules specific for self-MHC class I constitute one of the best characterized family of inhibitory receptors (1). Under normal conditions, persistent engagement of Ly49 by cognate selfligands results in recruitment of SHP-1 to the receptor's cytoplasmic immunoreceptor tyrosine-based inhibitory motif domain and subsequent dephosphorylation of activating signaling pathways (2). This inhibition of NK cell effector function is alleviated in the absence of self-molecules and is often the first step in acute rejection of allogeneic grafts. Although NK cellmediated clearance of circulating MHC-mismatched targets is well established (3), the ability of NK cells to migrate to and eliminate allogeneic target cells from peripheral lymph nodes (LN) under homeostatic conditions remains poorly defined.
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Recent evidence suggests that NK cells may exert important functional responses within LN. Specifically, enhanced recruitment of NK cells to antigen-stimulated LN facilitated the induction of a productive immune response (4) . Moreover, Chen et al. (5) showed that LN NK cells efficiently lysed tumor cells and suppressed B16 melanoma metastasis to draining LN. These findings suggest that NK cells actively patrol the LN in search of cognate target and transformed cells, perhaps exhibiting robust motility similar to other lymphocyte subsets, such as T and B cells (6, 7) . Therefore, it was surprising that NK cells isolated by DX5-positive selection were reported to move with slow velocity (2.75 Ϯ 0.17 m/min) when imaged in LN by two-photon microscopy (8) .
DX5 is a monoclonal antibody commonly used to identify and isolate murine NK cells. DX5 binds the ␣ 2 -integrin CD49b (9) . Integrins are heterodimers comprised of ␣-and ␤-subunits and are of key importance in several complex biological processes, including cell adhesion and migration (10) . Experimental evidence indicates that integrin engagement can result in the activation of key signaling events (11) . Specifically, cross-linking of ␤ 1 -integrins expressed on human NK cells transduces intracellular signals, leading to the activation of the Ras-MAPK cascade, subsequent IFN-␥ production, and enhanced cytotoxicity (12) . Therefore, CD49b cross-linking could induce signaling events that render positively selected NK cells immotile. To investigate this possibility, we used two-photon microscopy to visualize the in situ basal motility of unmanipulated NK cells within intact LN and examine their interaction dynamics with syngeneic and allogeneic B cells. Our results demonstrate that CD49b cross-linking strongly modulates motility, adhesion to collagen, and effector function, whereas unmanipulated NK cells are highly motile and preferentially form stable conjugates to eliminate MHC-mismatched target cells.
Results

NK Cells Home to LN, Localize to the T-B Boundary, and Are Highly
Dynamic. To assess the capacity of NK cells to migrate to LN under homeostatic conditions, we adoptively transferred 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE)-labeled Rag Ϫ/Ϫ splenocytes into wild-type (WT) recipients. Rag Ϫ/Ϫ donors lack T, B, and NK T cells (13) , thereby allowing us to investigate homing and motility of NK cells without requiring positive selection procedures. FACS analysis of dissociated nodes showed Ͼ97% of the CFSE ϩ cells were also NK1.1 ϩ and CD122 ϩ , indicating that almost all of the labeled cells that had migrated to the LN were NK cells and not a contaminating population (Fig. 1A) . Notably, the majority of the transferred cells were also DX5 ϩ (a pan-NK cell marker). Non-NK splenocytes presumably migrated to the lungs, liver, and spleen (14, 15) and were largely excluded from LN because of the lack of appropriate receptors required for high endothelial venule extravasation. Histological examination (Fig.  1B) of LN showed NK cells preferentially localized to the superficial cortex, concentrating near and adjacent to the edge of B cell follicles. This pattern of NK cell localization within the LN is consistent with previous reports (8, 16) .
To examine the behavior of unselected NK cells in situ, we used two-photon microscopy to study their mobility within lymphoid tissue. Individual NK cells exhibited robust motility [supporting information (SI) Movie 1] in a pattern of stopand-go movement reminiscent of other lymphocyte subsets (6) . Their mean velocity was 6.7 Ϯ 0.2 m/min (mean Ϯ SEM), with some cells averaging as high as 20 m/min (Fig. 1C) . Within the regions of high NK cell density at the T-B boundary, individual NK cells followed apparently random, nondirectional paths (Fig.  1D) . These results underscore the dynamic nature of NK cell motility and establish a minimally perturbed system to study NK cells in secondary lymphoid organs. Tar- gets. To investigate a functional role for NK cells in the peripheral lymphoid compartment, we examined NK-B cell interaction dynamics within regions of high NK cell density at the edge of B cell follicles in LN explants. In general, NK cells preferentially engaged in monogamous interactions, making transient contacts with both syngeneic and allogeneic B cells. The stability of these interactions was highly variable, ranging from 1 to Ͼ50 min, with the majority (Ͼ86%) of stable interactions (defined as lasting Ͼ5 min) occurring with allogeneic cells ( Fig. 2A and SI Movie 2) . Of note, we observed (Right) A scatter plot of log displacement from origin versus log path length (n ϭ 1,549 points). A regression line fitted to the log/log data has a slope of 0.5937, indicating that the mean displacement from origin increases in approximately direct proportion to the square root of total path length, as expected for a random walk process. a pattern of NK cell behavior in which transient contacts usually preceded stable allogeneic interactions.
NK Cells Form Stable Conjugates to Eliminate MHC-Mismatched
To determine whether LN NK cells were engaging in lytic interactions with allogeneic cells, we measured B cell velocities before and after association with cognate NK cells. It was previously established that reduced cell velocity of a target B cell is one of the earliest indicators of diminished cell viability (17) . As demonstrated in Fig. 2B , syngeneic cell contacts, regardless of duration, resulted in no significant change in B cell velocity (pre-and postcontact motilities of 6.7 Ϯ 0.4 and 7.3 Ϯ 0.4 m/min, respectively). For allogeneic cells, B cell velocities after contact with NK cells were also unaffected after short-duration interactions lasting Ͻ5 min (pre-and postcontact motilities of 5.0 Ϯ 0.5 and 5.6 Ϯ 0.6 m/min, respectively). In contrast, stable allogeneic NK-B cell interactions lasting Ͼ5 min resulted in a 49% decrease in the velocity of the B cell target immediately after the encounter (pre-and postcontact motilities of 4.5 Ϯ 0.8 and 2.3 Ϯ 0.4 m/min, respectively; P ϭ 0.01). These results suggest that NK cells preferentially form stable conjugates to eliminate MHC-mismatched targets.
Interestingly, in some instances, stable conjugate formation with an allogeneic cell resulted in the recruitment of multiple NK cells swarming the B cell target. Immediately after these events, diminished motility of the allogeneic B cell target was rapidly accompanied by visible changes in cell morphology and membrane integrity, indicative of cytolysis ( Fig. 2C and SI Movie 3). Up-regulation of CD107a (LAMP-1) on the cell surface has been shown to be a reliable marker for the identification of NK cell lytic effector function (18) . Consistent with ongoing cytolytic activity of adoptively transferred LN NK cells, we found elevated levels of CD107a during the identical time frame when images were collected (Fig. 2D) . Taken together these results demonstrate that NK cells actively patrol the LN in search of cognate target cells and support the idea that the lymphoid compartment is an important site for NK cell-mediated clearance of MHCmismatched targets.
Positive Selection of NK Cells Inhibits in Vivo Motility. In contrast to our finding of vigorous NK cell motility, a recent report described NK cells as being relatively immotile in LN (mean velocity 2.75 Ϯ 0.17 m/min) (8) . To reconcile these apparently conflicting results, we evaluated NK cell motility in the LN 20 h after different isolation procedures and in vitro treatments. Using the same commercially available isolation kit (MACS) as previously described (8), we found that positively selected Rag Ϫ/Ϫ splenic NK cells expressing CD49b (DX5 ϩ ) moved with lower velocities (3.4 Ϯ 0.3 m/min; SI Movie 4) than unselected NK cells from the same mice (6.8 Ϯ 0.4 m/min; Fig. 3A ; P Ͻ 0.0001). A similarly reduced motility was observed by using a different DX5-positive selection kit (CELLection biotin binder; Dynal Biotech, Oslo, Norway) in which the beads were removed after isolation (data not shown). The reduced motility was not attributable to diminished viability because the NK cells did not exhibit a rounded-up morphology characteristic of dead or dying cells, but rather displayed dynamic behavior, frequently extending and retracting projections (SI Movie 5).
By direct examination of cotransferred cells, we next compared the motility of unmanipulated NK cells with NK cells exposed to DX5 microbeads, but not purified through a column (Fig. 3A) , and with cells subjected to DX5 cross-linking (Fig. 3B) . Imaged side by side in the same recipients, we again found unmanipulated NK cells to be highly motile, in contrast to NK cells after treatment with DX5 microbeads (3.6 Ϯ 0.2 m/min; SI Movie 6; P Ͻ 0.0001). A similarly slow motility (3.3 Ϯ 0.3 m/min) was observed after DX5 cross-linking, whereas cotransferred isotype control cross-linked cells imaged simultaneously moved vigorously (6.0 Ϯ 0.3 m/min; P Ͻ 0.0001). Importantly, NK cells that were treated with DX5 Ab, but without cross-linking (6.1 Ϯ 0.4 m/min), moved with velocities comparable to unmanipulated NK cells. These results demonstrate that NK cells display robust motility in secondary lymphoid organs under physiological conditions and indicate that positive selection procedures inhibit NK cell mobility via CD49b cross-linking.
We also imaged NK cells in the spleen and found no significant differences between the LN and splenic compartments for the velocities of each group of NK cells (Fig. 3A) . Once again, CD49b cross-linking reduced the motility of NK cells imaged within the spleen. Thus, the diminished NK cell motility in the LN after CD49b cross-linking does not arise because a subset of NK cells that migrate at high velocities fail to home to the node.
CD49b Cross-Linking Enhances NK Cell Adhesion. CD49b (␣ 2 ) heterodimerizes with CD29 (␤ 1 ) to form the integrin receptor VLA-2 (␣ 2 ␤ 1 ) (19) . The principal ligand for VLA-2 is collagen (20) . Because the LN architecture includes a collagen fiber network, the observed decrease in NK cell motility after positive selection could be because of an inability to adhere to or dissociate from collagen, either of which may inhibit NK cell migration along the collagenous matrix within the LN. We thus performed in vitro assays to assess NK cell adhesion to collagen after CD49b cross-linking. Treatment of Rag Ϫ/Ϫ splenocytes with DX5 microbeads resulted in an Ϸ50% increase in the fraction of cells that adhered strongly to a collagen substrate (Fig. 4A Left) . Similar results were obtained by using cells treated with DX5 Ab plus streptavidin, whereas isotype control crosslinking did not alter the basal adhesion of the cells. To confirm that this effect was specific to NK cells, we sorted NK1.1 ϩ WT splenocytes and consistently found enhanced NK cell adhesion to collagen-coated plates in vitro after the same CD49b crosslinking that suppresses motility in the LN (Fig. 4A Right) .
To evaluate further the consequences of the enhanced adhesion on NK cell behavior in vivo, we adoptively transferred CD49b cross-linked NK cells into WT recipients to examine the interaction of NK cells with collagen fibers in the LN. By direct observation of 39 treated NK cells that were covisualized making contact with collagen fibers, we found that a majority of these cross-linked cells (30 of 39) were immotile. Interestingly, when the rare motile CD49b cross-linked NK cells, exhibiting an instantaneous velocity of 6.1 Ϯ 0.5 m/min, encountered a fiber, they usually attached and stopped moving ( Fig. 4B and SI Movie 7). This behavior was in contrast to unmanipulated NK cells, which remained motile after contact and migrated along collagen fibers (31 of 33 cells; SI Movie 8). We next determined the velocities of CD49b treated and unmanipulated NK cells visualized as contacting collagen fibers and found their average instantaneous velocities to be 2.9 Ϯ 0.2 and 7.4 Ϯ 0.3 m/min, respectively. Therefore, the mechanism of diminished in vivo motility of positively selected NK cells is largely attributable to their propensity to irreversibly adhere to collagen fibers within the LN.
In light of these findings, we investigated whether CD49b cross-linking of NK cells before adoptive transfer could result in diminished migration to LN due to CD49b-induced adhesion to peripheral tissue. Consistent with this interpretation, we recovered significantly fewer cross-linked NK cells from LN when compared with unmanipulated controls (Fig. 4C) , further highlighting potential complications of using DX5-positive selection to purify NK cells.
CD49b Cross-Linking Skews NK Cell Effector Function. To explore a possible functional consequence of CD49b cross-linking, we compared the effector function of unmanipulated NK cells to that of NK cells treated with DX5 microbeads. We first established the assay conditions by measuring the abilities of WT mice and common ␥-chain-deficient [knockout (KO)] mice that lack mature NK cells to eliminate MHC-mismatched cells by cotransferring syngeneic and allogeneic B cell targets into each recipient. As expected, the WT mice rejected a majority of allogeneic cells, whereas the KO recipients were unable to efficiently clear the target cells (Fig. 5A) . To determine whether CD49b crosslinking alters NK cell cytolytic function, we reconstituted the KO mice with exogenous untreated or DX5 microbead-treated NK cells. The KO mice reconstituted with untreated NK cells were equally efficient in rejecting allogeneic cells as WT recipients, whereas those reconstituted with CD49b cross-linked NK cells showed diminished target cell clearance at levels comparable to KO recipients (Fig. 5A) . Consistent with these in vivo results, we also found that CD49b cross-linking limited the ability of NK cells to kill MHC-mismatched targets in vitro (Fig. 5B) . To assess the role of CD49b manipulation on cytokine production by NK cells, we examined IFN-␥ levels under IL-2-activating conditions. Notably, IFN-␥ production more than doubled after CD49b cross-linking (Fig. 5C ). Taken together our findings reveal numerous consequences of positive selection on NK cell function and thus compel a reexamination of previous research employing DX5-positive selection.
Discussion
This study clearly establishes that NK cells exhibit remarkably dynamic behavior in secondary lymphoid tissue. We demonstrate that NK cells preferentially localize to the edge of B cell follicles, thereby facilitating interactions and subsequent elimination of MHC-mismatched B cells. Such surveillance may also play a role in preventing spontaneous B cell lymphomas that occur in NK cell-deficient animals (21) . Moreover, we demonstrate that motility and effector function can be modulated via CD49b manipulation.
Using two-photon microscopy, we note several striking similarities in NK cell behavior to that of other lymphocyte subsets previously imaged in peripheral LN. First, NK cells move in an ameboid, stop-and-go manner along meandering paths, displaying average velocities comparable to B cells (6) . Second, we show that, similar to T and B cells, NK cells occupy a distinct niche within the LN compartment. Specifically, NK cells localized to regions overlapping the T and B cell zones at the T-B boundary. Third, NK cells were observed actively patrolling their microenvironment, forming cell-cell contacts to sample syngeneic as well as allogeneic B cells. Mempel et al. (17) recently provided a detailed analysis of cytotoxic T cell-mediated clearance of cognate B cell targets in which antigen recognition triggered immediate stable conjugate formation, resulting in irreversible arrest and death of the target B cell. We also observed diminished B cell motility as an early sign of cell lysis after stable contacts with NK cells. In contrast to the strictly monogamous CTL-B cell interactions (17) , NK cells were occasionally seen swarming a target, leading to its destruction (SI Movie 3). Last, as demonstrated for other lymphocytes (22, 23) , our results validate the feasibility of immunoimaging approaches to investigate the participation of NK cells in shaping immune responses within the native lymphoid-tissue environment.
Our results indicate that the limited NK cell mobility previously reported (8) is an artifact of cell isolation procedures and does not accurately reflect intrinsic NK cell behavior. Impaired NK cell motility is a direct result of CD49b-induced adhesion of positively selected NK cells to collagen fibers within the node. The effect of CD49b cross-linking on motility is remarkably long-lasting, inhibiting motility in the LN at least 20 h later. In line with our findings, previous work has shown that receptor cross-linking can regulate leukocyte function. Specifically, Fanning et al. (24) found that positive selection procedures using a magnetic bead cell isolation kit to obtain pure populations of plasmacytoid dendritic cells led to the inhibition of IFN-␣ production in response to viral stimulation. Together these results highlight the importance of appropriate cell preparation techniques for replicating physiological conditions. Furthermore, we uncovered a potentially important function for CD49b, in which receptor cross-linking skews NK cell effector function to a phenotype that exhibits a high level of IFN-␥ production along with a concomitant reduction in motility and cytolytic activity. Emerging evidence demonstrates that human NK cells can differentiate into immunoregulatory (CD56 bright ) and cytolytic effector (CD56 dim ) subsets depending on the environmental milieu (16, 25) . Thus, similar to the human NK cell dichotomy, our data suggest that murine NK cell effector function could equally segregate into two distinct subsets: cytokine-producing helper cells (NK h ) and cytolytic effector cells (NK c ). We propose that CD49b cross-linking may mimic the in vivo effects of a collagen-rich environment, in which NK cells recruited to sites of inflammation, such as the skin, can provide help to resident antigen-presenting cells by secreting IFN-␥. This suggestion is supported by evidence demonstrating that, in an experimental mouse model of psoriasis (26), immunocytes isolated from skin lesions displayed classic NK cell markers, a scenario reminiscent of human immunoregulatory (CD56 bright ) NK cells that accumulate in psoriatic skin (27) . Therefore, the tissue composition to which NK cells are recruited may skew NK cell effector function, suggesting yet another level of control over lymphocyte effector fate. Further studies that can recapitulate the effects of CD49b cross-linking in vivo are required to elucidate the exact role of CD49b engagement under physiological conditions.
In summary, our results show that NK cells actively patrol the lymph node and preferentially form stable conjugates to eliminate MHC-mismatched target cells. This report shows robust NK cell motility in vivo and reduction in NK cell velocity by CD49b engagement during positive selection. In addition, our study provides a system to study NK cells in peripheral lymphoid tissue. With NK cells emerging as one of the key players in bridging innate and adaptive immune responses (28) (29) (30) , it will be of interest to examine the NK-DC-T cell interplay by using real-time imaging techniques.
Materials and Methods
Animals. Female 5-to 10-week-old C57BL/6, BALB/c, B6.129S7-Rag1 tm1Mom /J (Rag Ϫ/Ϫ ), and B6.129S4-Il2rg tm1Wjl /J (␥c Ϫ/Ϫ ) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Rag deficiency was confirmed through FACS analysis by the absence of contaminating T and B cells and/or macroscopic examination of the spleen (microsplenia). Mice were housed in a pathogen-free animal facility, and all procedures were performed in accordance with protocols approved by the Animal Care and Use Committee of University of California, Irvine.
Antibodies and Other Reagents. PE-labeled monoclonal antibodies [CD49b (clone DX5), NK1.1, CD122, CD3], DX5-biotin, CD107a-pure, Fc block (anti-CD16/CD32), and isotype controls were purchased from eBioscience (San Diego, CA). Anti-rat IgG-PE (Jackson ImmunoResearch Laboratories, West Grove, PA) was used to detect CD107a expression. A DX5-positive selection kit was purchased from Miltenyi Biotec (Auburn, CA). CFSE, 5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine, and 7-amino-4-chloromethylcoumarin were purchased from Molecular Probes (Eugene, OR). Immunohistochemistry. LN from recipients were harvested 16 to 20 h after adoptive transfer of CFSE-labeled NK cells. Frozen sections were stained with anti-FITC-alkaline phosphatase and anti-mouse IgD and detected by using Fast-Red and anti-Rat IgG-horseradish peroxidase. Peroxidase activity was developed by using diaminobenizidine, and tissue was counterstained in hematoxylin.
Two-Photon Imaging and Analysis. Sixteen to 20 h after adoptive transfer of cells, spleen and LN (axillary, brachial, and inguinal) were harvested, secured with cyanoacrylate adhesive onto a coverslip (with the cortical region of the LN facing the objective), and placed in an imaging chamber superfused with RPMI medium bubbled with carbogen (95% O 2 /5% CO 2 ) at 37°C. Two-photon imaging was performed as previously described (6) . In brief, multidimensional imaging was performed with femtosecond-pulsed excitation at 780 nm. To detect CFSE-, 5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine-, and 7-amino-4-chloromethylcoumarin-labeled cells, dichroic mirrors (560 and 510 nm, respectively) were used to split fluorescence emission into three photomultiplier detector channels. Collagen fibers were covisualized by detection of backscattered second harmonic generation employing femtosecond excitation at 780 nm and detection using a 390/70 bandpass filter. Unless otherwise indicated, successive imaging volumes immediately beneath the capsule were acquired at 18-to 21-sec intervals. Images were acquired, processed, and analyzed by using MetaMorph software. Imaris Bitplane software was used to visualize NK-B cell interactions and NK cell contact with collagen fibers in four dimensions. All data are representative of three to five independent experiments. Adhesion Assay. NK cell adhesion to collagen I-coated plates (Sigma-Aldrich, St. Louis, MO) was analyzed by using a standard adhesion assay per the manufacturer's instructions.
Cytotoxicity Assays in Vitro. NK cells were either treated with DX5 microbeads, DX5-biotin Ab, or DX5-biotin Ab plus streptavidin or they were left untreated before culturing in IL-2-supplemented media (RPMI medium 1640 with 10% FCS, L-glutamine, 50 M ␤-ME, and 4,000 units/ml human rIL-2). After 2 days, NK cells were harvested and titrated concentrations were cocultured in V-bottom 96-well plates at 37°C with 1 ϫ 10 5 0.2 M CFSE-labeled (CFSE lo ) YAC-1 target cells per well. After 6 h, cells were stained with propidium iodide for 10 min, washed, and 1 ϫ 10 5 2 M CFSE-labeled (CFSE hi ) target cells were added to each well. Viable cells (FS/SS and propidium iodide Ϫ gates) were analyzed by FACS.
Cytotoxicity Assays in Vivo. B220 ϩ B cells from C57BL/6 and BALB/c mice were labeled with 0.2 M (C57BL/6) or 2 M (BALB/c) CFSE, and equal numbers (5 to 10 ϫ 10 6 ) of cells were coinjected i.v. into C57BL/6 mice (WT), ␥c Ϫ/Ϫ mice (KO), and KO recipients reconstituted 1 day prior with either 1 to 1.5 ϫ 10 7 DX5 microbead-treated or untreated NK cells. Spleens were harvested 12 to 16 h later and analyzed by FACS.
Percent rejection was calculated as follows: 100 (1 Ϫ number of CFSE lo events Ϭ number of CFSE hi events), where 12,000 CFSE hi events were counted in each condition.
Statistics. Statistical significance was determined by using Student's t test, and P Ͻ 0.05 was considered significant. Data are presented as mean Ϯ SEM.
